Single crystals of 21-hydroxyprogesterone have been γ-irradiated at 295 K and studied using X-band ESR and ENDOR. The structure of the one type radical has been determined on the basis of an analysis of the angular variation of the spectra. This radical is formed by abstraction of the hydrogen atom from the C(6) carbon, while the unpaired electron is delocalised onto the system O(3), C(3), C(4), C(5), C(6). Hyperfine splitting constants and unpaired electron density distribution have been calculated for the proposed radical structure by using the Gaussian98 set of programs. The results are in very good agreement with the experimental data. The effect of the hydrogen bond and biological activity on the anisotropy of α-hyperfine splitting tensor have also been discussed.
Introduction
In order to fully understand chemical and biochemical reactions it is essential to determine the electronic and geometric structures of the molecules involved. One of the most important groups of biologically active natural compounds are the steroids. The parent compound from which all the steroid hormones are ultimately derived is cholesterol. The group of steroids known as the corticosteroids are formed in adrenal cortex and are usually classified under two headings: (a) the 17-hydroxylates corticosteroids and (b) the 17-deoxycorticosteroids, depending on the presence or absence of a 17α-hydroxyl group. The title compound 21-hydroxyprogesterone, known as deoxycorticosterone (DOC) (Fig. 1) belongs to the other class -mineralocorticoids. In contrast to glucocorticoids, the activity of mineralocorticoids, such as aldosterone or DOC, is confined to effects on salt and water metabolism. Rexroad and Gordy [1] were the first to report on ESR study of free radicals in X-ray irradiated powdered cholesterol. Recently, intense ESR and ENDOR [2] [3] [4] studies have been undertaken to elucidate the structure of free radicals formed in γ-irradiated single crystals of selected steroids. The analysis of hyperfine coupling tensors enables an accurate determination of the geometry of the radical formed and the degree of conformational changes after the process of radical formation. The presence of water molecule as well as the hydrogen bond were found to be the factors influencing the type of radical formed. ENDOR provides a better resolving power of the spectra than ESR and enables simultaneous identification of a greater number of radicals.
We have chosen to study 21-hydroxyprogesterone which contains a hydroxyl group in its structure, but no intermolecular hydrogen bond has been detected in this compound by crystallographic methods [5] . The analysis of its crystallographic data shows a possibility of an intramolecular hydrogen bond formation by the atoms C(20), C(21), O(21), H(21), and O(20).
Density functional theory (DFT) calculations have been performed in order to compare experimental and calculated geometries and the values of spin Hamiltonian parameters. In order to obtain additional information on the type of hydrogen bond, a DOC study was performed by IR spectroscopy, for a polycrystalline sample and a sample dissolved in a non-polar solvent. An attempt was made to establish a relation between the spectroscopic parameters and biological activity.
Experimental
A sample of deoxycorticosterone corticosterone (4-pregnen-21-ol-3,20-dione) (C 21 H 30 O 3 ) of high purity was a gift from Schering AG Berlin. The crystal and molecular structure have been determined by Dideberg, Campsteyn, and Dupont [6] .
The single crystals were γ-irradiated with a 60 Co source at 295 K with a total dose of up to 150 kGy. ESR and ENDOR spectra were taken at X-band microwave frequencies. ESR spectra were recorded using 100 kHz modulation on an X-band VARIAN and additionally on a RADIOPAN (Poland) ESR spectrometers. The ENDOR spectrometer has been described elsewhere [7] .
All DFT geometry optimizations were performed with the B3LYP hybrid functional in Pople's 6-31G(d) basis set, using the atoms' coordinates from the crystal structure [6] modified to correspond to the radical structure, i.e. with axial hydrogen atom H(6a) removed. The B3LYP functional is a combination of Becke's three-parameter hybrid exchange functional [8] and the Lee-Yang-Parr correlation functional [9] are included in the set of programs Gaussian 98 [10] .
The optimised structure was used for single point calculations at the B3LYP level employing different basis sets:
, and EPR-II [11] [12] [13] .
Results and discussion
ESR spectra of γ-irradiated 21-hydroxyprogesterone (deoxycorticosterone) shown in Fig. 2 , have a complex structure and, in some orientations, are poorly resolved. Prominent lines in the ESR spectrum can be interpreted as two doublets, each of which is split into a triplet. The spectrum is slightly asymmetrical, which suggests the presence of more than one type of radicals. Figure 3 presents typical ENDOR spectra of DOC. A comparison of ESR and ENDOR spectra proves that the triplet is really a double doublet of close lying values of hyperfine couplings. The ENDOR spectra proves the presence of radical I.
The tensors describing four hyperfine interactions and the g-factor of radical I were calculated and their values are collected in Table I . The values of the hyperfine splitting constants and their amplitudes indicate the occurrence of two α-hyperfine splitting constants of close lying values and two β-hyperfine splittings. The analysis of these data leads to a conclusion that radical I is formed by abstraction of a hydrogen atom from the carbon atom C(6) with the unpaired electron delocalised onto C(3), C(4), C(5),C(6), and O(3) (Fig. 4) .
The π-spin density of carbons adjacent to α-protons are calculated from hyperfine constant (hfc) values by using the McConnell equation [14] , based on Q value of -72 MHz: where B 1 is usually assumed to be zero, B 2 = 50 G and Θ is the torsional angle between the p z orbital and C-H β direction.
The hyperfine splitting coupling values, theoretically calculated using DFT methods and their experimental values are presented in Table I .
Comparing the hydrogen hyperfine splitting constant (hfsc) at the B3LYP/ 6-31G(d) level of theory with the experimental results already shows a reasonable agreement. The best agreement of the isotropic values is obtained for the results obtained assuming the basis set 6-311 G(d, p).
The differences between the calculated and experimental isotropic values of hydrogen atoms H4 and H6 are small in the order of magnitude of 0.5 MHz and circa 1.5 MHz for H7a, for both isotropic and anisotropic values.
The calculated ρ π C values have been used for estimation of β hfs, using the Heller-McConnell equation [15] . Making use of calculated values of the torsion angles H(6)C(6)C(7)H(7a) and H(6)C(6)C (7) Radical I, as mentioned previously, is formed by abstraction of an axial hydrogen atom H(6A) from the carbon atom at position 6. The formation of the radical is connected with atom displacement, particularly C(6), as a result of hybridization change from sp 3 into sp 2 , i.e. causing transfer of C(6) from the tetragonal structure to the planar one. Identification of radicals by ESR/ENDOR as well as determination of molecular changes induced by irradiation are based on a proper correlation between the directions of the principal tensor elements and the related directions of the undamaged molecule. The position and orientation of the interacting α-proton is obtained from the direction of the minimum α-hfs constant and the direction of 2p z orbital is obtained from the intermediate α-splitting. This direction can also be obtained from the minimum g-tensor value. The direction of the 2p z orbitals of the C(4) and C(6) atoms should be normal to the plane spanned by carbon atoms C(3), C(4), C(5), and C(6) and the C α −H α direction close to C(4)-H(4). A comparison of the crystallographic directions with experimental data is presented in Table I , and gives a good agreement.
Earlier [2] an attempt was made to analyse the effect of progesterone skeleton substitution by hydroxyl groups (corticosteroids are very often the multi-hydroxyl substituted progesterons) on the anisotropy of hfs tensors. Examination of the anisotropy of the α-hyperfine splitting in radical I, defined as A z − A x /A z (fractional value of anisotropy) was performed, where A x and A z are the minimum and maximum principal values of the α-hfs. Table II presents the hyperfine anisotropy values compared with the unpaired electron density and the length of the corresponding hydrogen bond for a series of steroid compounds: progesterone, cholest-4-en-3-one, 17α-hydroxyprogesterone, 17α,21-dihydroxyprogesterone and 21-hydroxyprogesterone.
To find out whether values of the ∆A/A z parameter are related to the biological activity of a given compound, a correlation between this parameter and the rate constant 1/K has been analysed for hydroxy substituted corticostreroids in the reactions with corticosteroid binding globulin (CBG) and testosterone binding globulin (TBG) [16] . TBG has been recently called sex hormone binding globulin (SHBG). These two steroid-binding proteins, corticosteroid-binding globulin, and sex hormone binding (or TBG) globulin circulate in plasma. They both have several different but related physiologic functions. Each is a major determinant of the concentration of the physiologically important hormones that they bind. CBG regulates the concentration of free cortisol and progesterone, and SHBG regulates the concentration of free testosterone, dihydrotestosterone, and, to a lesser extent, estradiol. It is this small free fraction of the appropriate hormone that is the active base affecting the hormone activity. In the past few years, it has been shown that both these proteins have a high affinity to specific receptors on the plasma membranes of a variety of cells. It has also been shown that when SHBGs binding sites are occupied it cannot bind to its receptor; only unliganded SHBG can. Figure 5 presents the anisotropy of the hfs tensor versus the reaction constants characterising the reactions of steroids with TBG and CBG (log(1/K) = pK a [15] ), a linear character of the dependence is clearly seen.
The results indicate that the anisotropy of the hyperfine splitting tensor α increases with increasing strength of the hydrogen bond and with increasing hor-mone activity of sex hormone binding globulin and corticosteroid binding globulin. As the hydrogen bond is strongly directional, it causes a polarisation of the electronic structure of ring A of the steroid skeleton. The interaction of steroids with transporting proteins also has a hydrogen bond nature and an increase in its strength seems to be directly related to the pK a values of this reactions.
